The energy-band alignments for the ZrO 2 / Si, ZrO 2 /Si 0.75 Ge 0.25 , and ZrO 2 / Ge interfaces have been studied using x-ray photoemission. The valence-band offsets of ZrO 2 / Si, ZrO 2 /Si 0.75 Ge 0.25 , and ZrO 2 / Ge interfaces are determined to be 2.95, 3.13, and 3.36 eV, respectively, while the conduction-band offsets are found to be the same value of 1.76± 0.03 eV for three interfaces. [5] [6] [7] This will hamper the objective of device scaling using high-gate dielectrics if a FET with a high-material actually has a lower mobility than the equivalent SiO 2 device. Because of higher low-field intrinsic carrier mobility than that of silicon, Ge and its alloy are attractive for high-frequency applications. The integration of high-gate dielectrics with high performance substrate or channel materials of Ge and its alloy not only allow the continued scaling of semiconductor devices, but also have the higher mobility to improve device speed. [8] [9] [10] [11] [12] In this letter, we present the x-ray photoemission studies of energy-band alignment for ZrO 2 / Si, Si 0.75 Ge 0.25 / Si, and Ge systems. The results indicate that the conduction-band offsets for ZrO 2 / Si, Si 0.75 Ge 0.25 / Si, and Ge systems are nearly the same ͑1.76± 0.03 eV͒ within the measurement accuracy. The upward shift of the valence-band top of Si, SiGe, and Ge results in differences in the band gap energies of ZrO 2 / Si, Si 0.75 Ge 0.25 , and Ge systems.
High-gate dielectrics have been expected to replace conventional SiO 2 gate oxide to continue the scaling of silicon-based semiconductor device.
1,2 However, because of phonon scattering in moderate electrical field, 3, 4 field effect transistors (FETs) with high-gate dielectrics show that their carrier mobility is less than those of FETs with a SiO 2 gate oxide, and is well below the universal mobility curve. [5] [6] [7] This will hamper the objective of device scaling using high-gate dielectrics if a FET with a high-material actually has a lower mobility than the equivalent SiO 2 device. Because of higher low-field intrinsic carrier mobility than that of silicon, Ge and its alloy are attractive for high-frequency applications. The integration of high-gate dielectrics with high performance substrate or channel materials of Ge and its alloy not only allow the continued scaling of semiconductor devices, but also have the higher mobility to improve device speed. [8] [9] [10] [11] [12] In this letter, we present the x-ray photoemission studies of energy-band alignment for ZrO 2 / Si, Si 0.75 Ge 0.25 / Si, and Ge systems. The results indicate that the conduction-band offsets for ZrO 2 / Si, Si 0.75 Ge 0.25 / Si, and Ge systems are nearly the same ͑1.76± 0.03 eV͒ within the measurement accuracy. The upward shift of the valence-band top of Si, SiGe, and Ge results in differences in the band gap energies of ZrO 2 / Si, Si 0.75 Ge 0.25 , and Ge systems.
The ultrathin ZrO 2 films were deposited by pulsed laser deposition system with a base vacuum of 7 ϫ 10 −8 mbar. 13, 14 The undoped Si͑001͒, undoped pseudomorphic Si 0.75 Ge 0.25 /Si ͑001͒, and p-type Ge ͑001͒ substrates were cleaned by using standard RCA (Radio Corporation of America) process. A single crystal yttria-stabilized ZrO 2 target was used for the deposition. The deposition for three samples was in the same condition at a substrate temperature of 350°C in an ambient oxygen pressure of 6.0 ϫ 10 −6 mbar to meet the requirement of Ge process. Laser fluence (wavelength 248 nm) of 1.5 J / cm 2 and laser repetition frequency of 3 Hz was set for all the samples. The deposition time was 180 s, and the film with polycrystalline structure is about 3.0 nm based on the cross-sectional transmission electron microscopy investigation. After the deposition, the samples were immediately transferred in air to an x-ray photoelectron spectroscopy (XPS) chamber for analysis; the carbon contamination is low enough not to affect the valence band measurements. XPS measurements were performed in a VG ESCALAB 220i-XL system using a monochromatic Al K␣1 source ͑1486.6 eV͒. The pass energy of the analyzer was set to 10 eV to have high measurement accuracy. The binding energy scale was calibrated with pure gold, silver, and copper by setting the Au 4f 7/2 , Ag 3d 5/2 , and Cu 2p 3/2 at binding energy of 83.93, 368.26, and 932.67 eV, respectively. Figure 1 shows the Zr 3d spectra of ZrO 2 / Si, ZrO 2 /Si 0.75 Ge 0.25 / Si, and ZrO 2 / Ge systems. The spectra can be fitted using the two peaks of Zr 3d 3/2 and Zr 3d 5/2 doublet at 185.50 and 183.00 eV, respectively. These binding energy values are slightly higher than those values of ZrO 2 given in the XPS handbook (Zr 3d 5/2 182.2 eV) 15 or that by Guittet et al. ͑182.4 eV͒, 16 which could be due to the presence of a silicate layer at the interface. The x-ray photoemission method used to determine the band alignment of dielectric/ semiconductor heterostructure is based on the assumption that the energy difference between the valence-band edge and the core-level peak for substrate is constant with/without the deposition of overlayer. 17 This method has been widely used to calculate the band discontinuities at the interfaces of insulator/semiconductor and semiconductor/ semiconductor. [18] [19] [20] Therefore, the valence-band and corelevel spectra of the Si 2p peak from silicon substrate can be used as reference to align the valence-band and core-level spectra of ZrO 2 gate dielectrics overlayer to determine the value of valence-band offset at the ZrO 2 / Si interface. Figure 2 shows the valence-band and core-level spectra of silicon with and without ZrO 2 gate dielectric layer. The leading edge of the valence band was measured to be 0.51 eV, as determined by the intersection of the regressiondetermined line segments defining the edge and the flat energy distribution curve in the energy gap region, as shown in Fig. 2(a) . Figure 2(b) is the Si 2p spectrum of clean silicon substrate. The Si 2p 1/2 and 2p 3/2 doublets were determined to be 99.94 and 99.33 eV, respectively, by using two-peak fitting. The energy difference between the valence-band edge and the Si 2p 3/2 peak was determined to be 98.82 eV for Si ͑100͒ substrate. The result is in good agreement with the value reported by other groups. [18] [19] [20] For silicon with ZrO 2 overlayer, the thickness of ZrO 2 gate dielectric is only 3.0 nm. As the penetration depth of x-ray photoelectron with energy of 1486.6 eV can be up to 10.0 nm, the information from both film and substrate can be detected from photoelectron spectra. The Si 2p peak from silicon substrate can be observed and is used to align corresponding valence-band spectrum as shown in Fig. 2(c) . The valence-band edge of ZrO 2 was determined to be 3.46 eV. The weak tail of the valence-band spectrum is contributed from silicon substrate. Its leading edge locates at 0.51 eV, the same position of that valence-band spectrum of bulk silicon as shown in Fig. 2(a) . This is in agreement with the assumption that the energy difference between the valenceband edge and the Si 2p core-level peak is constant with and without overlayer. Therefore, the valence-band offset at the ZrO 2 / Si interface is determined to be 2.95 eV by simple subtraction. This value is the same as those reported in other experiments [21] [22] [23] and theoretical calculation based on the density function method. 24, 25 It should be noted that from Fig. 2(d) , a peak at 102.80 eV could be observed beside the main peak from silicon substrate, indicating the formation of a Zr-silicate interfacial layer at the interface, which can be also observed from the higher binding energy value of Zr 3d spectra. Figure 3 shows the valence-band and core-level spectra of undoped pseudomorphic Si 0.75 Ge 0.25 /Si ͑001͒ with and without ZrO 2 overlayer. The leading edge of the valenceband spectrum is determined to be 0.33 eV as shown in Fig.  3(a) . Figure 3 Fig. 3(c) was determined to be 3.46 eV, the same as that of film on Si. Therefore, the corresponding valence-band offset at the ZrO 2 /Si 0.75 Ge 0.25 interface was determined to be 3.13 eV, 0.18 eV larger than that of the ZrO 2 / Si interface.
Similar to ZrO 2 on silicon, a silicate interfacial layer can be observed at ZrO 2 /Si 0.75 Ge 0.25 interface from the Si 2p spectrum which has a peak at 102.40 eV as shown in Fig.  3(d) . But from Ge 2p and Ge 3p spectra, which were not shown here, no peak of Ge oxide could be observed. This result indicates that the main composition of interfacial layer is Zr-silicate. Because of poor thermodynamic and electrical properties of Ge oxide, this Zr-silicate interfacial layer is expected to have better work performance than that of interface with GeO x layer. Figure 4 shows the valence-band and core-level spectra for Ge with and without ZrO 2 overlayer. As the Ge 3d spectrum overlaps with that of Zr 4p, Ge 3p was used in this work. The leading edge of the valence-band spectrum is determined to be 0.10 eV as shown in Fig. 4(a) . Figure 4(b) is the Ge 3p spectrum of clean Ge substrate. The locations of Ge 3p 1/2 and 3p 3/2 doublets were determined to be 126.00 and 121.84 eV, respectively. The energy difference between the valence-band edge and the Ge 3p 3/2 peak was determined to be 121.74 eV for Ge ͑100͒ substrates. By using the same method employed above, the valence-band offset is determined to be 3.36 eV at ZrO 2 / Ge interface, 0.23 eV larger than that of the ZrO 2 /Si 0.75 Ge 0.25 interface, indicating that the valence-band top shifts upward further for Ge substrate. It should be noted here that there is no obvious observation of Ge oxide from Ge 3p and Ge 2p spectra, indicating that no Ge oxide formed at the interface. 
